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ABSTRACT
A search for new supernova remnants (SNRs) has been conducted using TeV γ-ray data from the H.E.S.S. Galactic plane survey. As an identifica-
tion criterion, shell morphologies that are characteristic for known resolved TeV SNRs have been used. Three new SNR candidates were identified
in the H.E.S.S. data set with this method. Extensive multiwavelength searches for counterparts were conducted. A radio SNR candidate has been
identified to be a counterpart to HESS J1534−571. The TeV source is therefore classified as a SNR. For the other two sources, HESS J1614−518
and HESS J1912+101, no identifying counterparts have been found, thus they remain SNR candidates for the time being. TeV-emitting SNRs are
key objects in the context of identifying the accelerators of Galactic cosmic rays. The TeV emission of the relativistic particles in the new sources
is examined in view of possible leptonic and hadronic emission scenarios, taking the current multiwavelength knowledge into account.
Key words. Astroparticle physics - Gamma-rays : observations - TeV: supernova remnants - SNR : individual - HESS J1534−571,
HESS J1614−518, HESS J1912+101
Send offprint requests to: H.E.S.S. collaboration,
e-mail: contact.hess@hess-experiment.eu;
* Corresponding authors
† Deceased
1. Introduction
Most Galactic supernova remnants (SNRs) have been discov-
ered via radio continuum surveys, that is, through synchrotron
emission of nonthermal electrons with ∼ GeV energies. Only a
handful of SNRs have been discovered in the optical band (e.g.,
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Fesen & Milisavljevic 2010). Several Galactic SNRs have also
been detected first in X-ray surveys with the ROSAT satellite and
also with ASCA (Aschenbach 1995; Bamba et al. 2003; Pfeffer-
mann et al. 1991; Sugizaki et al. 2001; Bamba et al. 2001; Ya-
maguchi et al. 2004). These SNRs (e.g., RX J1713.7−3946) typ-
ically have low radio-surface brightness and/or are in confused
regions. Sources are usually classified as SNR candidates from
their respective survey data (or serendipitous observations of the
field), for example, in the radio band, based on their shell-like
morphology. An identification of the source as SNR requires an
additional independent measurement such as a spectral signature
or an identifying detection from another waveband.
This paper presents a systematic search for new Galactic
SNR candidates using the TeV γ-ray band for the discovery of
these objects. Previous TeV SNR studies, for example, with the
HEGRA Cherenkov telescope system (Aharonian et al. 2001,
2002) or with H.E.S.S. (Aharonian et al. 2004; H.E.S.S. Collab-
oration 2018d), focused on the detection of TeV emission from
SNRs (or SNR candidates) that have been known from other
wavebands. The data that are used for the search presented here
stem from the H.E.S.S. Galactic Plane Survey (HGPS) that is
presented in detail elsewhere (H.E.S.S. Collaboration 2018e). In
order to identify SNR candidates in the TeV band that do not
have known counterparts in other wavebands, only morphologi-
cal signatures, namely a shell-type appearance, can be exploited.
There are no TeV spectral (or temporal) characteristics of known
SNRs that set them apart from other Galactic TeV source types.
Nevertheless, TeV-emitting SNRs are a significant class of iden-
tified Galactic TeV sources. These SNRs are the second most
numerous after identified pulsar wind nebulae (PWNe).1 There-
fore, a pure morphological criterion, namely a significant TeV
shell-like appearance, can be considered sufficient for classifica-
tion as a (TeV) SNR candidate.
Besides SNRs, TeV shell-like emission could also stem from
superbubbles such as 30 Dor C in the Large Magellanic Cloud.
30 Dor C is a known TeV emitter (H.E.S.S. Collaboration 2015),
but because of limited statistics and the small extension of the
source, current TeV data cannot be used to tell if the TeV emis-
sion is shell-like, whereas a shell-like morphology is well estab-
lished in radio and Hα emission (Mathewson et al. 1985) and
X-rays (Bamba et al. 2004). Also other wind-blown gas cavities
with surrounding shells into which hadronic particles from cen-
tral accelerators are moving could appear like TeV shells. More-
over, given the typical ∼ 0.05◦ to ∼ 0.1◦ angular resolution of
the H.E.S.S. telescopes, a chance constellation of several sources
could mimic a shell appearance. For the presented work, it has
not been attempted to numerically simulate how often these var-
ious possible misinterpretations due to non-SNR TeV shells may
occur amongst the selected TeV SNR candidates. Given the pos-
sible alternative interpretations, an identification of an individual
candidate as a real (or highly likely) SNR needs to come from
other wavebands.
In particular, follow-up observations with current X-ray
satellites are promising, given that all identified Galactic TeV
SNRs have bright (in terms of current pointed X-ray sensitivity)
X-ray counterparts. Current X-ray surveys may not have led to
a discovery of the objects because of interstellar absorption (in
particular for ROSAT) or stray-light contamination from nearby,
strong, X-ray sources (e.g., for ASCA). One prominent such ex-
ample is the identified SNR HESS J1731−347, which was dis-
covered in the course of the ongoing HGPS (Aharonian et al.
2008a). The source has a significant TeV shell-like appearance
1http://tevcat.uchicago.edu/
(H.E.S.S. Collaboration 2011), as well as radio and X-ray coun-
terparts, but was not detected as a SNR candidate in previous
radio or X-ray surveys (Tian et al. 2008).
While the lack of X-ray emission is a hindrance for the iden-
tification of the SNR candidate, it might have implications for
the interpretation of the TeV source. Supernova remnants are
prime candidates for the acceleration of the bulk of Galactic cos-
mic rays (CRs). But the TeV emission from many known, TeV-
bright SNR shells may be dominated by leptonic emission from
inverse Compton scattering of relativistic electrons. In contrast,
the nondetection of X-ray emission from one of the new SNR
candidates, even at the current pointed satellite sensitivity level,
might indicate that the TeV γ-ray emission stems predominantly
from hadronically induced pi0-decay. This could be inferred by
adopting the arguments that have been made to interpret dark
TeV accelerators, that is, TeV sources without X-ray and radio
counterparts, as evolved SNRs (Yamazaki et al. 2006).
The search presented in this paper has revealed three
SNR candidates, HESS J1534−571 (Pühlhofer et al.
2015), HESS J1614−518 (Aharonian et al. 2006b), and
HESS J1912+101 (Aharonian et al. 2008b). HESS J1534−571
was additionally classified as a confirmed SNR in the course
of the presented study based on its identification with a radio
SNR candidate. For HESS J1614−518 and HESS J1912+101,
no counterparts have been found yet that would permit firm
identification.
The paper is organized as follows: In Sect. 2, the TeV SNR
candidate search and identification strategies applied to the
HGPS data are presented. A dedicated H.E.S.S. data analysis of
the three sources that fulfill the candidate criteria is performed,
including a TeV morphological and spectral characterization.
For the first time, SNR candidates are established from the TeV
band alone. A thorough evaluation of the available multiwave-
length (MWL) data toward the sources including nondetections
is necessary to permit valid physics conclusions for these TeV-
selected sources. In Sect. 3, the search for MWL counterparts
in the radio continuum and the GeV bands is presented, which
led to positive identifications for HESS J1534−571 (radio, GeV)
and HESS J1614−518 (GeV). Section 4 deals, to the extent nec-
essary, with MWL data (X-ray, infrared, and radio/sub-mm line
data) and catalog searches that have not revealed clear coun-
terparts. In the discussion (Sect. 5), significant results from the
MWL searches are summarized. The nondetections of X-ray
counterparts are evaluated in view of implications for the rela-
tivistic particles that give rise to the TeV emission, specifically
for HESS J1534−571. The possible energy content of relativis-
tic protons is derived for each object, employing the interstellar
matter (ISM) line data to gain information on the potential sur-
roundings of the objects.
On the SNR nomenclature
Identified SNRs are often classified according to their radio and
X-ray morphologies (e.g., Dubner & Giacani 2015). Throughout
this paper, the term SNR is used synonymously with shell-type
SNR, which is applicable to objects with emission morpholo-
gies that are identified with SNR shocks. The term TeV SNR
(meaning TeV-emitting SNR) is also used for an unresolved TeV
source or a source with unclear morphology, for which the iden-
tification of the TeV emission with a SNR is highly probable, for
example, based on spectral identification with known SNRs and
the apparent lack of alternative explanations. The SNR Cas A
belongs to this category (Aharonian et al. 2001). The term TeV
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shell does not imply identification as a SNR; it is only used as a
morphological description.
A (radio) nebula that is formed by a pulsar wind is often re-
ferred to as a plerionic SNR. In this paper, this approach is not
followed. Such a (TeV) nebula is rather called a PWN, following
the nomenclature widely used in the high-energy astrophysics
community. In fact, PWNe constitute the most abundant iden-
tified Galactic TeV source class. These objects are relevant for
the work presented here because they are used as a blueprint for
the morphological null hypothesis, against which the target shell
morphologies are tested.
Composite SNRs consist of a SNR and a PWN. This nomen-
clature is maintained for the TeV band. Mixed-morphology
SNRs (Rho & Petre 1998) consist of SNRs showing a (nonther-
mal) radio shell and center-filled thermal X-ray emission. Since
such thermal emission processes do not have a correspondence
in the TeV band, this morphological classification is not very
important for the characterization of TeV SNR morphologies.
2. H.E.S.S. data analysis, shell search, and results
2.1. High Energy Stereoscopic System (H.E.S.S.)
The TeV data presented in this paper were taken with the
H.E.S.S. array in its first phase, in which the array consisted
of four identical 12 m imaging atmospheric Cherenkov tele-
scopes, located in the Khomas Highland of Namibia at an al-
titude of 1800 m above sea level. The telescopes are used to de-
tect very high-energy γ-rays through registering the Cherenkov
light that is emitted by a shower of charged particles, initiated
by the primary photon entering the atmosphere. The telescopes
are equipped with mirrors with a total area of 107 m2 and cam-
eras of 960 photomultiplier tubes each. The energy threshold of
the array is roughly 100 GeV at zenith and increases with zenith
angle. The direction and energy of the primary photon can be
reconstructed with an accuracy of ≤ 0.1◦ and ∼ 15 %, respec-
tively. The field of view (FoV) of the cameras of 5◦ in diameter
for imaging air showers translates into a celestial FoV for recon-
structed γ-rays with roughly constant γ-ray acceptance of 2◦ (&
90 % of peak acceptance) or 3◦ (& 70 %) in diameter. This makes
the H.E.S.S. array well suited for studies of extended sources
such as the sources presented in this work (for further details see
Aharonian et al. 2006a).
For the second phase of H.E.S.S., a fifth telescope with a
much larger mirror area of 614 m2 was added to the array in July
2012 (Holler et al. 2015). The additional telescope reduces the
energy threshold and improves the point-source sensitivity of the
array specifically for soft-spectrum sources, but with the restric-
tion to a smaller FoV in the low-energy range. No relevant data
for this paper have been taken in this configuration.
2.2. H.E.S.S. data analysis
The work presented here is based on two not fully identical
data sets that were treated with two different analysis chains.
For the TeV shell search on a grid as described in Sect. 2.3.3,
products from the HGPS data set (Sect. 2.2.1) published by the
H.E.S.S. Collaboration (2018e) were used. For the individual
source analysis described in Sects. 2.3.4 (morphological fits), 2.4
(surface brightness maps), and 2.5 (energy spectra), a dedicated
data selection and refined analysis (Sect. 2.2.2) was used.
2.2.1. The HGPS data set
Between 2004 and 2013, a survey of the Galactic plane was
conducted with the H.E.S.S. telescopes. Initial survey observa-
tions (Aharonian et al. 2006b) have been followed by deeper
observations of regions of interest, and many known objects
in the Galactic plane have also been observed individually
(e.g., H.E.S.S. Collaboration 2011, 2016, 2018c,e). The H.E.S.S.
Galactic Plane Survey (HGPS) data set consists of all data taken
in the longitude range between l = 250◦ and l = 65◦ (includ-
ing the Galactic center) and |b| . 3.5◦ in latitude. The resulting
data set does not provide homogeneous sensitivity. The point
source sensitivity in the core survey region is . 1.5 % of the
Crab nebula integral flux above 1 TeV, but better sensitivities are
achieved for many individual regions. Details of the data set,
analysis methods, and the resulting source catalog are reported
in H.E.S.S. Collaboration (2018e). For the work presented in
this paper, only a morphological analysis of the HGPS sky map
has been performed. Therefore, only sky map products of the
HGPS have been used, namely a sky map of γ-ray event candi-
dates after image-shape based background rejection, a sky map
of estimated remaining background level, and an exposure sky
map. The search for SNR candidates has been performed on an
equidistant sky grid and not, for example, on preselected HGPS
source positions.
2.2.2. Dedicated H.E.S.S. data analysis of the new SNR
candidates
Data sets
After the identification of SNR candidates in the HGPS data, for
which the procedure is described in more detail below, the avail-
able H.E.S.S. data in the sky area around the candidates were
processed following standard H.E.S.S. procedures for individual
source analysis. The same primary analysis chain (calibration of
the raw data, γ-ray reconstruction, and background rejection al-
gorithms) as that used for the HGPS primary analysis was cho-
sen, but there are some differences due to optimization toward
the individual sources rather than for a survey. In particular, the
sky map data selection leads to a more homogeneous exposure
at and around the source positions than in the HGPS sky maps.
For spectral analysis, the choice of background control regions
is particularly important and was optimized for the individual
sources. Also, slightly more data could be used for the analysis
than what was available for the HGPS analysis. In the following,
the individual source data analysis is described in more detail.
Observations and quality selection
The data for this work were taken between April 2004 and May
2013. The data from all runs (sky-tracking observations of typ-
ically 28 min duration) were calibrated with standard H.E.S.S.
procedures (Bolz 2004; Aharonian et al. 2006a). Runs used for
the analysis of each source were then selected based on the
distance of tracking to source position and on run quality se-
lection cuts (Aharonian et al. 2006a; Hahn et al. 2014). For
this run selection, source positions of the previous H.E.S.S.
publications of HESS J1614−518 (Aharonian et al. 2006b) and
HESS J1912+101 (Aharonian et al. 2008b) were used, while the
HGPS pipeline source position was used for HESS J1534−571.2
Two different cut levels were used for detection and morpholog-
ical analysis and for spectral analysis, respectively. For the mor-
2It was verified that redoing the run selection using the shell cen-
troids that are derived later in this work (Tab. 3) would have a negligible
effect.
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Table 1. Acceptance-corrected H.E.S.S observation time used for the
dedicated analysis of the new SNR candidates.
Source Sky maps Energy spectra
HESS J1534−571 61.8 h 25.4 h
HESS J1614−518 34.2 h 10.0 h
HESS J1912+101 121.1 h 43.2 h
phological studies, all runs with a maximum offset of 3◦ were
used. For the spectral analysis, the maximum offset was reduced
to 1.5◦, stricter (spectral) quality cuts were used, and sufficient
background control regions need to be available in each run. Re-
sulting acceptance-corrected3 observation times are shown in Ta-
ble 1.
Data analysis
Event direction and energy reconstruction was performed using
a moment-based Hillas analysis as described in Aharonian et al.
(2006a). Gamma-ray-like events were selected based on the im-
age shapes with a boosted decision tree method (Ohm et al.
2009). The residual background (from hadrons, electrons, and
potentially from diffuse γ-ray emission in the Galactic plane) is
estimated from source-free regions in the vicinity of the studied
sources. For sky maps and the morphological studies using these
maps, the background at each sky pixel is estimated from a ring
around the pixel position (Berge et al. 2007). An adaptive algo-
rithm is applied to optimize the size of the ring which blanks
out known sources or excesses above a certain significance level
from the rings, requiring thus an iterative or bootstrapping pro-
cess (H.E.S.S. Collaboration 2018e). To ensure a homogeneous
acceptance for background events, particularly in the Galactic
plane with high optical noise, an image amplitude cut of 160
photoelectrons (p.e.) is applied for sky maps. Together with the
energy reconstruction bias cut that is derived from Monte Carlo
simulations and discards events with a bias above 10 %, the pre-
sented data sets have an energy threshold of about 600 GeV.
To derive energy spectra, the image amplitude cut is usu-
ally reduced to achieve a wider spectral energy range. For
HESS J1534−571 and HESS J1614−518, an amplitude cut of
60 p.e. was set, leading to a spectral energy threshold of around
300 GeV. The spectral background is derived from background
control regions that are defined run-wise and are chosen to have
the same offset to the camera center as the source region (Berge
et al. 2007), to ensure a nearly identical spectral response to
background events in the source and background control regions.
Similar to the process above, sky areas with known sources or
with excess events above a certain significance threshold have to
be excluded. After lowering the threshold to 60 p.e. for a spectral
analysis of HESS J1912+101, this process failed to deliver back-
ground estimates with acceptable systematic errors as quoted
below. Therefore the 160 p.e. amplitude cut was maintained for
the spectral analysis of this source. Possible reasons are that the
sky area around HESS J1912+101 contains significant soft sub-
threshold sources or diffuse emission, or that it suffers from high
optical stellar noise.
All three data sets contain large portions of runs that were
performed under nonoptimal conditions for spectral analysis,
i.e., they were not taken in wobble run mode with a fixed offset
3That is, dead-time-corrected, corrected for acceptance change de-
pending on off-optical axis angle, and normalized to a standard offset of
0.5◦
between source and tracking position. Given the extensions of
the sources of up to ∼1◦ diameter, many runs could even not be
used at all for spectral analysis because no suitable background
control regions were available. The large sizes of the sources
also lead to substantial susceptibility of the spectral results to
potential errors of the background estimate. All results were
cross-checked using an independent calibration and simulation
framework, combined with an alternative reconstruction tech-
nique based on a semi-analytical description of the air shower
development by de Naurois & Rolland (2009). From the com-
parison between the two different analyses and from the results
obtained when varying cuts and background estimates, system-
atic errors for the spectral results of ±0.2 for photon indices and
30 % for integrated flux values were estimated; these values are
slightly higher than those typically obtained in H.E.S.S. analy-
ses.
2.3. TeV shell search: Method and results
2.3.1. Motivation of the approach
The presented work focuses on searching for new TeV SNRs
in the HGPS data set based on a shell-like morphological ap-
pearance of γ-ray emission regions. This is motivated by the
shell-type appearance of most known resolved TeV SNRs, mor-
phologically also matching their shell-like counterparts in ra-
dio and nonthermal X-rays, for example, RX J1713.7−3946,
RX J0852.0−4622 (Vela Jr.), RCW 86, or HESS J1731−347
(H.E.S.S. Collaboration 2011, 2018a,b,c). All morphological in-
vestigations presented in the following employ a forward-folding
technique to compare an expected morphology to the actually
measured sky map, by including the γ-ray and background ac-
ceptance changes across the sky map in the respective model.
To examine the shell-type appearance of the TeV emission
region, a shell-type morphological model is fit to the data. The
model is a three-dimensional spherical shell, homogeneously
emitting between Rin and Rout and projected onto the sky. The
emissivity in Cartesian sky coordinates (x, y) is then
M(r) = A ×

√
R2out − r2 −
√
R2in − r2, r < Rin,√
R2out − r2, Rin < r < Rout,
0, r > Rout,
(1)
where r2 = (x − x0)2 + (y − y0)2 is the (squared) distance to the
source center at (x0, y0). Before fitting, the model is convolved
numerically with the point spread function (psf) of the H.E.S.S.
data set under study, which is derived from Monte Carlo simu-
lations taking the configuration of the array and the distribution
of zenith angles into account (Aharonian et al. 2006a). The fit-
ted parameters are A, x0, y0,Rin, and Rout. During the search and
identification procedure, no attempt was made to model devia-
tions from this assumed emission profile, for example, azimuthal
variations such as those known from the bipolar morphology of
the TeV-emitting SNR of SN 1006 (Acero et al. 2010).
The goodness of the fit is not considered as stand-alone cri-
terion for a shell-like source morphology. Because of limited
statistics, acceptable fits to the data might be obtained but with-
out any discriminating power. Rather, the shell fit quality is com-
pared to a fit result of a simpler default model (referred to as null
hypothesis) that is chosen to represent a typical Galactic TeV
source different from known SNR shell sources. The most abun-
dant identified Galactic source class of this character comprises
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PWNe, which are usually well described by a centrally peaked
morphology. As a default model, a two-dimensional symmetric
Gaussian with variable width was chosen, which represents typ-
ical PWNe and the majority of other known Galactic H.E.S.S.
sources (including point-like sources). The Gaussian model is
convolved analytically with the H.E.S.S. psf before fitting. By
default, the H.E.S.S. psf is represented by a sum of three Gaus-
sians (H.E.S.S. Collaboration 2018e), well sufficient for our pur-
pose.
The chosen approach ensures a homogeneous treatment of
the HGPS sky map and of the sky maps of the four individual
candidates, which are introduced in Sect. 2.3.3. Limitations from
the adopted target morphology, source confusion (thus possibly
mimicking a shell appearance), and different sensitivities across
the HGPS are not treated, the completeness of the search to a
particular sensitivity level is not assessed. The threshold above
which a shell hypothesis is accepted should be treated with cau-
tion, since the limited range of tested null hypothesis morpholo-
gies may lead to an increased false-positive rate the effect of
which has not been numerically quantified.
2.3.2. Comparison of the non-nested models
Adopting the assumption that the chosen morphological mod-
els for shell (H1) and null hypothesis (H0) represent the true
TeV source populations sufficiently well, the improvement in the
fit quality (i.e., the likelihood that the shell model describes the
given data set better than the Gaussian model) can be interpreted
in a numerically meaningful way. However, there is the (purely
analytical) issue that the two compared models are non-nested,
i.e., one cannot smoothly go from H0 to H1 with a continuous
variation of the parameters (for a rigorous definition see Eadie
et al. 1971). In this case, a likelihood ratio test (LRT) cannot be
applied (Protassov et al. 2002). One way to overcome this prob-
lem is to adopt the Akaike Information Criterion (AIC) (Akaike
1974). For a given model, AIC is computed as
AIC = 2k − 2 ln (LML) , (2)
where k is the number of parameters and LML is the maximum
likelihood value for that model. Testing a set of models on the
same data set,
LAIC,i = C · exp
(
−AICi − AICmin
2
)
(3)
gives a likelihood or relative strength of model i with respect to
the best available model, i.e., the model found to have the min-
imum AIC (AICmin) (Burnham & Anderson 2002). In order to
quantify if and how LAIC,H0 translates into a probability that the
improvement obtained with the shell fit over the Gaussian model
is due to statistical fluctuations, a limited number of simulations
have been performed using the parameters of the H.E.S.S. data
set of HESS J1534−571 (the source with the lowest shell over
Gaussian likelihood; see Table 3). The number of false-positives
(type I errors), i.e., simulated Gaussians misinterpreted as shells,
behaves roughly as a null-hypothesis probability in the relevant
90 % to 99 % probability range with C (Eq. 3) set to 1, whereas
the LRT produces ∼3 times too many false positives compared
to expectation. In turn, ∼10 % false-negative (type II) errors, i.e.,
nondetected shells, are estimated when using LAIC for a 99 %
significance threshold, ensuring sufficient sensitivity of the cho-
sen method. Table 3 also lists LAIC,H0 for HESS J1614−465 and
Table 2. List of tested H0 and H1 parameters for the grid search; w =
Rout − Rin is the shell width. The first value for w represents a thin shell
with zero width; the quoted value was chosen for computational reasons
only.
Shell (H1) parameters
Rin 0.1◦, 0.2◦, 0.3◦, 0.4◦, 0.5◦, 0.6◦, 0.7◦, 0.8◦
w 10−5 × Rin, 0.1 × Rin, 0.2 × Rin
Gaussian (H0) parameters
σ 0◦, 0.05◦, 0.1◦, 0.2◦, 0.4◦
HESS J1912+101. While the correspondence to a chance proba-
bility was not verified for these two sources with analogous sim-
ulations, the resulting values ensure to sufficient degree of cer-
tainty a low probability of a chance identification as a shell for
these two sources as well.
2.3.3. Motivation for two-step approach, grid search setup,
and results
To perform an as unbiased as possible search for new shell mor-
phologies in the HGPS data set, a shell (H1) versus Gaussian
(H0) morphology test has been performed on a grid of Galac-
tic sky coordinate test positions covering the HGPS area with
equidistant spacings of 0.02◦ × 0.02◦. To be computationally
efficient, also a grid of tested parameters was defined for both
H1 and H0; the parameters for H1 (radius and width of the
shell) broadly encompass the parameters of the known TeV SNR
shells. The parameters are listed in Table 2. At each test position
(x0, y0), the test statistics difference between the best-fitting shell
and the best-fitting Gaussian has been derived and stored into a
sky map. In such a map, the signature of a shell candidate is an
isolated peak surrounded by a broad ring-like artifact.4
The procedure has revealed the known TeV SNR shells
covered by the survey, RX J1713.7−3946, RX J0852.0−4622,
HESS J1731−347, and RCW 86 with high confidence. At fur-
ther four positions, significant signatures for shell morphologies
were revealed. Three positions are clearly identified with known
H.E.S.S. sources. HESS J1614−465 was discovered during the
initial phase of the H.E.S.S. survey in 2006 (Aharonian et al.
2006b) and is so far an unidentified source. HESS J1912+101
was discovered in 2008 (Aharonian et al. 2008b) and an associa-
tion with an energetic radio pulsar was suggested in a PWN sce-
nario. However, there has been no support for this scenario by the
detection of an X-ray PWN and energy-dependent TeV morphol-
ogy, which is used to identify resolved TeV sources as PWNe
with high confidence (Aharonian et al. 2006d; H.E.S.S. Collab-
oration 2012). HESS J1023−577 was discovered in 2007 (Aha-
ronian et al. 2007a) and is associated with the young open stellar
cluster Westerlund 2; the source of the TeV-radiating particles is
however not firmly identified.
A fourth TeV source at Galactic coordinates l ∼ 323.7◦,
b ∼ −1.02◦ has not been published before. A test using a two-
dimensional Gaussian source hypothesis against the background
(no source) hypothesis as used for the HGPS source catalog
yields a test statistics difference of TS diff = 39, which is well
above the HGPS source detection threshold of TS diff = 30.
4For this first-step map, a test statistics difference was used for
simplicity, while AIC was used to derive final likelihood values; cf.
Sect. 2.3.4.
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Table 3. Results from the morphological study of the three new TeV
shells. a: TeV discovery status. b: Source detection significance from
excess counts Nexcess detected inside Rout, following Li & Ma (1983).
c: Likelihood LAIC,H0 as defined in equation 3 used as a measure of
whether the fit improvement of the shell (H1) over the Gaussian (H0) is
due to fluctuations, using the Akaike Information Criterion. d: Shell fit
results; (l0, b0) are the center coordinates, Rin and Rout are the inner and
outer radii of the homogeneously emitting spherical shell, respectively.
HESS
J1534−571
HESS
J1614−518
HESS
J1912+101
Discoverya TS diff = 39 (1) (2)
Excessb 9.3σ 25.2σ 17.3σ
LAIC,H0 c 5.9 × 10−3 3.1 × 10−6 1.7 × 10−6
l0d 323.70◦+0.02
◦
−0.02◦ 331.47
◦+0.01◦
−0.01◦ 44.46
◦+0.02◦
−0.01◦
b0d −1.02◦+0.03◦−0.02◦ −0.60◦+0.01
◦
−0.01◦ −0.13◦+0.02
◦
−0.02◦
Rind 0.28◦+0.06
◦
−0.03◦ 0.18
◦+0.02◦
−0.02◦ 0.32
◦+0.02◦
−0.03◦
Routd 0.40◦+0.04
◦
−0.12◦ 0.42
◦+0.01◦
−0.01◦ 0.49
◦+0.04◦
−0.03◦
References. (1) Aharonian et al. (2006b); (2) Aharonian et al. (2008b).
The newly discovered source is named HESS J1534−571, corre-
sponding to the center coordinates of the fitted shell morphology
as derived in the following subsection.
The grid search for new shells described above has several
limitations. The limited number of tested null-hypothesis mod-
els and the restriction of keeping the same centroid for the null-
hypothesis model as for the shell may lead to a nonoptimum H0
fit and therefore to overestimating the likelihood of the H1 ver-
sus H0 improvement. Final likelihoods for the individual candi-
dates are therefore estimated with an improved method as de-
scribed in the following Sect. 2.3.4. A further limitation due to
the restricted number of shell models has become obvious when
dealing with HESS J1023−577. The refined morphological anal-
ysis as described in the following subsection has revealed that
the best-fitting shell morphology of HESS J1023−577 is center-
filled, i.e., Rin ' 0. This is not the morphology the search is
targeting. The source has consequently been removed from the
list of TeV SNR candidates.
The search has been designed to be independent of the HGPS
source identification mechanism, which could have also been
used to define test positions and regions of interest. In princi-
ple, shell morphologies could be present that cover two or more
emission regions identified as independent sources by the HGPS
procedure. However, no significant such structures have been
found and all candidate TeV SNRs are also identified as indi-
vidual TeV sources following the HGPS source catalog prescrip-
tion.
2.3.4. Morphology fitting procedure and results from
individual source analyses
To overcome the limitations of the grid search (see Sect. 2.3.3)
and from the survey data analysis (cf. Sect. 2.2), final morpho-
logical parameters and shell identification likelihoods were de-
rived using the H.E.S.S. data sets introduced in Sect. 2.2.2 and
the analysis as described in the following.5
5The refined analysis is more conservative than the grid search re-
garding the false positive rates of the shell likelihoods, therefore the
Morphological fits were performed on uncorrelated on-
counts (i.e., γ-candidates after γ-hadron separation, not
background-subtracted or flatfielded) sky maps with 5◦ × 5◦ size
and with 0.01◦ × 0.01◦ bin size. Entries in these maps have pure
Poissonian statistical errors. The model fit function Oni is con-
structed as
Oni = A × Bkgi +
(
psf ∗ Mi) × Nref,i. (4)
Bkgi is the estimated background event map derived from the
ring-background method (Berge et al. 2007), A is a normaliza-
tion factor that is fitted. The term (psf ∗ Mi) is the morphologi-
cal model (shell or Gaussian) map, folded with the H.E.S.S. psf,
with freely varying parameters in the fit. The values Nref,i are
the expected γ-ray counts that are derived under the assump-
tion of a source energy spectrum following a power-law distri-
bution (see H.E.S.S. Collaboration (2018e) for a detailed expla-
nation), while i runs over the bins. For HESS J1614−518, an-
other source is visible in the field of view with high significance
(HESS J1616−508; cf. Aharonian et al. 2006b). For the fitting
of the map containing HESS J1614−518, HESS J1616−508 is
modeled as a Gaussian component, which is added as additional
source model component to increase the stability of the fit.
The employed fitting routines are based on the cstat imple-
mentation of the Cash statistics6 (Cash 1979) available in the
Sherpa7 package. To quantify the improvement of the fit quality
between two models, the Akaike Information Criterion as dis-
cussed in Sect. 2.3.2 was used. Table 3 lists the results for the
three new TeV shells.
During the evaluation of the fit improvement when apply-
ing the shell model, the assumption of spherical symmetry of
the respective shell model was preserved. Nevertheless, after
identification of the shell sources, the symmetry of the TeV
sources (Fig. 1) was investigated using azimuthal profiles of
the shells (see Appendix A for figures). Applying a χ2-test,
HESS J1534−571 and HESS J1912+101 are statistically consis-
tent with a flat azimuthal profile. However, HESS J1614−518
significantly deviates from azimuthal symmetry. Adding another
Gaussian source component (or additional source) to the shell
plus HESS J1616−508 Gaussian model in order to model the ex-
cess on top of the northern part of the shell (see Fig. 1), indeed
improves the quality of the morphological fit. The AIC was used
again to quantify the improvement of the goodness of fit. The pa-
rameters of the additional Gaussian component are however not
consistent within statistical errors when modifying analysis con-
figurations or using the cross-check analysis. Also, no consistent
significant result could be established using the main and cross-
check analysis when attempting to model the apparent excess in
the south of the HESS J1614−518 shell as additional Gaussian
component. Therefore, fit results for models including these ad-
ditional components are not given here.
2.4. TeV surface brightness maps
The morphological fits presented in Sect. 2.3 are based on a
forward-folding technique. For the visualization of sky maps, de-
pending on the properties of the data set, it may be necessary to
correct acceptance changes in the sky maps themselves, specifi-
cally in the case of large extended sources. If H.E.S.S. sky maps
initial selection of the candidates from the grid search is not treated as
an additional trial.
6http://cxc.harvard.edu/sherpa/statistics/
7http://cxc.harvard.edu/sherpa/index.html
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Fig. 1. TeV surface brightness maps of HESS J1534−571,
HESS J1614−518, and HESS J1912+101 in Galactic coordinates.
The maps were calculated with a correlation radius of 0.1◦. An
additional Gaussian smoothing with σ = 0.01◦ was applied to remove
artifacts. The surface brightness is expressed in units of counts above
1 TeV, assuming a power law with index Γref . The inlets show the
point spread function of the specific observations after applying
the same correlation radius and smoothing, respectively. Top panel:
HESS J1534−571, assumed Γref = 2.3. The green ellipse denotes the
outer boundary of the radio SNR G323.7−1.0 from Green et al. (2014).
Contours are 3, 4, 5, 6 σ significance contours (correlation radius
0.1◦). Middle panel: HESS J1614−518, assumed Γref = 2.4. The green
circle denotes the position and extent of 3FGL J1615.3−5146e from
Acero et al. (2015). Contours are 5, 7, 9, 11 σ significance contours
(correlation radius 0.1◦). Bottom panel: HESS J1912−101, assumed
Γref = 2.7. Contours are 3, 4, 5, 6, 7 σ significance contours (correlation
radius 0.1◦).
are dominated by observations expressly targeted at the source
of interest, the observations themselves ensure a nearly flat ex-
posure and background level at and around the source, and γ-ray
excess or significance maps are often an appropriate represen-
tation of the surface brightness of the sources. For the sources
presented in this paper, however, all available observations of
the respective source were used, whether they were part of an
observation of the particular source or a nearby source. This led
to an uneven exposure with differences up to 30 % on the regions
of interest. Therefore, surface brightness maps were constructed
for the three sources.
For this, flux maps were derived following the procedure de-
scribed in H.E.S.S. Collaboration (2018e). A correlation radius
of rint = 0.1◦ is used, Γref is chosen per source. To derive the
surface brightness, the flux is divided by the area of the corre-
lation circle pir2int for every bin of the sky map. The grid size is
0.01◦ × 0.01◦. From these maps, the integral flux of a source can
be obtained by integrating over the radius of a region of interest,
provided that the integration region is large compared to the psf.
The surface brightness maps were checked for each of the three
sources by comparing the integral flux from the maps with the
respective result of the spectral analysis.
In Fig. 1, the TeV surface brightness maps of
HESS J1534−571, HESS J1614−518, and HESS J1912+101 are
shown using an energy threshold set to 1 TeV.8 The assumed
spectral indices for HESS J1614−518 and HESS J1912+101
were fixed independently of the spectral results discussed below
and were taken from previous publications (Γref = 2.4 and
2.7; Aharonian et al. 2006b, 2008b). For HESS J1534−571, a
typical value for Galactic sources, Γref = 2.3, was assumed.
In fact, the assumed spectral index does not influence the
appearance of the map. The reference flux, which is calculated
based on the spectral index, only affects the overall scale of
the displayed surface brightness (less than 5% for ∆Γ = 0.2;
H.E.S.S. Collaboration 2018e). Radial and azimuthal profile
representations of these surface brightness maps including the
morphological fit results can be found in Appendix A.
2.5. Energy spectra
TeV energy spectra for each of the new shells were derived using
a forward-folding technique. Data were selected and analyzed
according to the description in Sect. 2.2.2. On-source events are
extracted from circular regions centered on the best-fit position
and with radius Rout+R68% to ensure full enclosure (R68% ∼ 0.07◦
is the 68% containment radius of the psf). Source, background,
and effective area spectra with equidistant binning in log-space
are derived runwise and are summed up. Power-law models
dNγ
dE
= N0
(
E
E0
)−Γ
(5)
are convolved with the effective area and fit to the data. The
lower fit boundary results from the image amplitude cut and cor-
responding energy bias cut. The upper fit boundary is dominated
by the energy bias cut. The value E0 is the decorrelation energy
of the fit, i.e., the energy where the correlation between the er-
rors of Γ and N0 is minimal. All spectral parameters are listed in
Table 4.
8Per construction, the surface brightness maps contain the informa-
tion from the entire energy range after event selection (cf. Sect. 2.2.2).
The displayed energy range can be freely chosen.
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Table 4. Spectral fit results from the power-law fits to the H.E.S.S. data. Both statistical and systematic errors are given for the fit parameters.
The systematic uncertainties result from deviations from the nominal parameters of the simulations of the instrument, nonoptimized observation
strategy, and the large size of the sources, which lead to substantial susceptibility of the spectral results to potential errors in the background
estimation (see Sect. 2.2.2), and are estimated to 30% for N0 and energy flux and to 0.2 for Γ, respectively. To simplify a comparison between the
sources, the normalization at 1 TeV, N0,1 TeV, and the energy flux from 1 TeV to 10 TeV are given as well.
Source Emin Emax E0 N0 Γ
HESS [TeV] [TeV] [TeV] [cm−2 s−1 TeV−1]
J1534−571 0.42 61.90 1.40 (1.29 ± 0.12stat ± 0.39syst) × 10−12 2.51 ± 0.09stat ± 0.20syst
J1614−518 0.32 38.31 1.15 (5.86 ± 0.34stat ± 1.76syst) × 10−12 2.42 ± 0.06stat ± 0.20syst
J1912+101 0.68 61.90 2.25 (4.82 ± 0.43stat ± 1.45syst) × 10−13 2.56 ± 0.09stat ± 0.20syst
Source N0,1 TeV energy flux (1 − 10 TeV)
HESS [cm−2 s−1 TeV−1] [erg cm−2 s−1]
J1534−571 (2.99 ± 0.30stat ± 0.90syst) × 10−12 (6.5 ± 0.7stat ± 2.0syst) × 10−12
J1614−518 (8.33 ± 0.49stat ± 2.50syst) × 10−12 (2.0 ± 0.2stat ± 0.6syst) × 10−11
J1912+101 (3.89 ± 0.45stat ± 1.17syst) × 10−12 (8.1 ± 0.7stat ± 2.4syst) × 10−12
To display unfolded spectra, bins are background-subtracted
and merged to have at least 2σ per bin, and spectra are di-
vided by correspondingly binned effective areas. In Fig. 2, un-
folded spectra and residuals between data and the power-law
fits are shown. All three spectra are statistically compatible with
power laws. Nevertheless, the spectra of the primary analysis of
HESS J1534−571 and HESS J1912+101 as presented in Fig. 2
also show indications for curvature. A power-law model with
exponential cutoff indeed better fits the data than a simple power
law at the 3-4σ level. However, the curvatures of the spectra (in
particular of HESS J1912+101) are less pronounced in the cross-
check analysis and are not significantly preferred there. The sys-
tematic errors that have been discussed in Sect. 2.2.2 not only
lead to an error of the fitted power-law index value, but also
to a distortion of the spectral shape. With the current spectral
analysis, a more detailed description beyond a power law is not
justified.
3. Counterparts in radio continuum and GeV
emission
3.1. Radio continuum emission
Several well-known high-energy emitting SNRs have only weak
radio counterparts, such as the bright nonthermal X-ray and
TeV-emitting SNRs RX J1713.7−3946 and RX J0852.0−4622;
cf. e.g., Dubner & Giacani (2015). Confusion with thermal emis-
sion and Galactic background variations might therefore hamper
the detection of radio counterparts of the new SNR candidates as
well. We searched publicly available radio catalogs and survey
data for counterparts of the new TeV sources.
3.1.1. The radio SNR candidate counterpart of
HESS J1534−571
In 2014, Green et al. published a catalog of new SNR can-
didates that have been discovered using the Molonglo Galac-
tic Plane Survey MGPS-2 (Murphy et al. 2007). The data
were taken with the Molonglo Observatory Synthesis Telescope
(MOST) at a frequency of 843 MHz and with a restoring beam
of 45 ′′×45 ′′cosec |δ|, where δ is the declination. The newly de-
tected radio SNR candidate G323.7−1.0 is in very good posi-
tional agreement with the H.E.S.S. source. The extension and
shell appearance of the two sources are in excellent agreement
as well. To compare the two sources on more quantitative ba-
sis, radial profiles using elliptical annuli were extracted from the
radio and TeV data.
In order to derive the profile of the radio emission ob-
served in the MGPS-2 image at 843 MHz, a 1.2◦-large sub-
image from the original mosaic9, centered at R.A.(J2000) =
233.572◦ and Dec.(J2000) = −57.16◦ (i.e., the approximate
barycenter of G323.7−1.0) was extracted. Each of the 28 sources
listed in the MGPS-2 compact source catalog (Murphy et al.
2007) was masked out according to its morphological proper-
ties (minor/major axes and position angle). Two additional un-
cataloged source candidates and two extended sources were also
removed. The RMS in the resulting source-subtracted image is
1.8 mJy/beam. The flux density of G323.7−1.0 was measured
after summing all the pixels inside an ellipse and correcting for
the beam of 0.90′ × 0.75′ (FWHM). The ellipse is centered at
the above-mentioned position and with the major and minor axes
(51′ and 38′) as given in Green et al. (2014), and a position an-
gle of 100◦ of the major axis (with respect to north), estimated
from visual inspection of the image. The flux density amounts to
(0.49 ± 0.08) Jy, compatible with the flux lower limit of 0.61 Jy
reported by Green et al. (2014). The difference is mostly due to
one of the two uncataloged sources cited above that lie within the
SNR candidate. It should be noted that the MOST telescope does
not fully measure structures on angular scales larger than ∼ 25′,
so this flux density estimate must be considered as a lower limit,
as explained in Green et al. (2014). The profile of the 843 MHz
emission toward G323.7−1.0 shown in Figure 3 was then derived
from elliptical annuli of width 0.08◦ with the same parameters
9http://www.astrop.physics.usyd.edu.au/mosaics/
Galactic/
Article number, page 8 of 24
H.E.S.S. Collaboration: A search for new SNRs in the Galactic plane with H.E.S.S.
Energy [TeV]
10-13
10-12
10-11
E
2
 d
N
/d
E
 [
T
e
V
/c
m
2
s]
Power law
HESS J1534-571
100 101
E [TeV]
3.0
1.5
0.0
1.5
3.0
R
e
si
d
u
a
ls
 (
σ
)
Energy [TeV]
10-13
10-12
10-11
E
2
 d
N
/d
E
 [
T
e
V
/c
m
2
s]
Power law
HESS J1614-518
100 101
E [TeV]
3.0
1.5
0.0
1.5
3.0
R
e
si
d
u
a
ls
 (
σ
)
Energy [TeV]
10-13
10-12
10-11
E
2
 d
N
/d
E
 [
T
e
V
/c
m
2
s]
Power law
HESS J1912+101
100 101
E [TeV]
3.0
1.5
0.0
1.5
3.0
R
e
si
d
u
a
ls
 (
σ
)
Fig. 2. Upper boxes show the H.E.S.S. energy flux spectra of
HESS J1534−571, HESS J1614−518, and HESS J1912+101 (blue data
points with 1σ statistical uncertainties), respectively. The bin size is
determined by the requirement of at least 2σ significance per bin. The
solid blue lines with the gray butterflies (1σ error of the fit) show the
best fit power-law models from Table 4. The bottom boxes show the
deviation from the respective model in units of sigma, calculated as
(F−Fmodel)/σF . Systematic errors do not permit the application of more
complex models to describe the data.
as above, after convolving the MGPS-2 image with the H.E.S.S.
psf.
The TeV profile was derived following the procedure de-
scribed in Appendix A, using elliptical annuli with the same pa-
rameters as used for the profile of the radio emission. The result-
ing TeV and radio radial profiles are shown in Fig. 3. The two
profiles are statistically compatible with each other, confirming
the association of the two sources as being due to the same ob-
ject.
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Fig. 3. Radial profile of HESS J1534−571 (H.E.S.S. TeV, blue points)
and the SNR candidate G323.7−1.0 (MGPS-2 radio synchrotron at
843 MHz, red points) using elliptical annuli. The ratio of minor and
major axes of the ellipse and the center position were both taken from
Green et al. (2014). Since Green et al. (2014) do not quote a position
angle for the ellipse, an angle of 100◦ of the major axis with respect to
north was estimated from the radio map. The MGPS-2 image was con-
volved with the H.E.S.S. point spread function before extraction of the
profile. Both profiles were normalized to have the same integral value.
The total flux of G323.7−1.0 can also be used to provide a
rough distance estimate of the SNR candidate, using the empiri-
cal surface brightness to source diameter (Σ−D) relation. Adopt-
ing Σ1 GHz = 2.07×10−17×D [pc]−2.38 W m−2Hz−1sr−1 (omitting
the errors on the parameters) from Case & Bhattacharya (1998),
S 843 MHz = 0.49 Jy results in a distance estimate of 20 kpc. In-
dividual source distance estimates have however typical errors
of 40% (Case & Bhattacharya 1998). Moreover, as explained
earlier, the radio surface brightness of G323.7−1.0 might be un-
derestimated using the MOST data set. A two times higher radio
flux would reduce the distance estimate to 15 kpc. Nevertheless,
even a distance to HESS J1534−571 at the 10 kpc scale would
imply a TeV luminosity substantially exceeding the values of
the known TeV SNRs, as further discussed in Sect. 5.
3.1.2. Radio continuum emission at the position of
HESS J1912+101
In the sky area covered by HESS J1912+101, a radio SNR can-
didate G44.6+0.1 was discovered in the Clark Lake Galactic
plane survey, at 30.9 MHz (Kassim 1988). The SNR candidate
status was confirmed through polarization detected at 2.7 GHz
(Gorham 1990). However, as already discussed in Aharonian
et al. (2008b), the morphology and extension of the radio SNR
candidate and the TeV source do not match. G44.6+0.1 is just
covering part of the northwestern TeV shell and has an approxi-
mate elliptical shape of l × b = 41′ × 32′.10
The area of HESS J1912+101 was covered by the
NRAO/VLA Sky Survey (Condon et al. 1998) at 1.4 GHz. Also,
sky maps from the new Multi-Array Galactic Plane Imaging Sur-
vey (MAGPIS; Helfand et al. 2006) that combine VLA and Ef-
felsberg data at 1.4 GHz were checked. The data suffer to some
extent from side lobes from bright emission in the W49A region.
No obvious counterpart to the TeV source was found by inspect-
ing these data.
10The error of the radio position is estimated to be 0.1◦, and the rel-
ative error on the size is estimated to be 30 % (Kassim 1988).
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Fig. 4. TeV spectral energy flux of HESS J1614−518 plotted together
with the GeV spectral energy flux of 2FHL J1614.3−5146e (Ackermann
et al. 2016) and 3FGL J1614.3−5146e (Acero et al. 2015). The integral
fluxes given in the Fermi-LAT catalogs were converted using the power-
law models given in the catalogs. The energy of the flux points was de-
termined by calculating the geometrical center of the energy boundaries
in log-space.
It is possible that the radio SNR candidate G44.6+0.1 is
in fact part of a larger radio SNR corresponding to the TeV
SNR candidate, but there is no further evidence from the
data. Because of the lack of morphological correspondence be-
tween HESS J1912+101 and G44.6+0.1, the radio SNR can-
didate is not considered a confirmed counterpart to the TeV
source, and G44.6+0.1 has therefore not been used to promote
HESS J1912+101 from a SNR candidate to a confirmed SNR.
3.1.3. Search for radio continuum emission from
HESS J1614−518
No cataloged radio SNR candidate exists in the field of
HESS J1614−518. We inspected data from the Southern Galac-
tic Plane Survey (SGPS; Haverkorn et al. 2006), obtained with
the Australia Telescope Compact Array (ATCA) at 1.4 GHz, and
from the MGPS-2 (Murphy et al. 2007) at 843 MHz. No ob-
vious features spatially coincident with HESS J1614−518 were
found, which is consistent with the findings by Matsumoto et al.
(2008) using data from the Sydney University Molonglo Sky
Survey (SUMSS; Bock et al. 1999). Much of the radio emis-
sion is associated with the HII regions to the western side of
HESS J1614−518 and thus likely to be thermal in nature.
3.2. GeV emission with Fermi-LAT
Given the flux of the new TeV SNR candidates, a detec-
tion of source photons also in the adjacent GeV band cov-
ered with the Fermi-LAT instrument (Atwood et al. 2009) is
plausible. Indeed, HESS J1614−518 has a known counterpart
listed in the LAT source catalogs, namely 3FGL J1615.3−5146e
/ 2FHL J1615.3−5146e. The source is classified in both cat-
alogs as disk-like. Extension and position of the LAT source
make it a clear counterpart candidate for HESS J1614−518; see
Fig. 1. Together with the spectral match (see Fig. 4), we fol-
lowed Acero et al. (2015) and Ackermann et al. (2016) and
identified 3FGL J1615.3−5146e / 2FHL J1615.3−5146e with
HESS J1614−518. However, the identification currently does not
add enough information to improve the astrophysical classifica-
tion of the object.
Triggered by preliminary H.E.S.S. results on
HESS J1534−571, Araya (2017) has recently shown that a
disk-like GeV counterpart to HESS J1534−571 can be extracted
from Fermi-LAT data as well. The GeV source position and
size are in good morphological agreement with G323.7−1.0 and
HESS J1534−571. The astrophysical classification of the object
as a SNR from the TeV and radio data is not affected by the
GeV data at this stage.
HESS J1912+101 does not have a published counterpart in
the LAT band. Since the TeV source is extended and located
in the Galactic plane, source confusion and emission from the
Galactic plane might so far have prevented discovery of the
source using the LAT instrument information alone. An analysis
of all three objects using the TeV sources as prior information
for a LAT analysis is ongoing.
4. Counterpart searches using X-ray, infrared, and
radio/sub-mm line emission, and pulsar catalogs
In this section, all MWL searches are reported that have not re-
sulted in firm positive identifications with the new TeV sources.
The following section provides details on these searches; in Sect.
5 the most relevant information for the discussion of the indi-
vidual sources (specifically the X-ray results and potential gas
densities at the object locations) is summarized.
4.1. Radio pulsars
The known, well-established TeV SNRs, such as
RX 1713.7−3946, RX J0852.0−4622 (Vela Jr.), RCW 86,
SN 1006, Cas A, and HESS J1731−347, are not associated with
known rotation-powered radio pulsars. RCW 86 is very likely
the SNR of a type Ia supernova (e.g., Broersen et al. 2014)
without compact remainder. Cas A (Pavlov et al. 2000) and
HESS J1731−347 (Klochkov et al. 2013, see also Tian et al.
2010; Halpern & Gotthelf 2010) host central compact objects
(CCOs), i.e., neutron stars that are located close to the centers
of the SNRs and whose X-ray emission is thermally driven; for
RX 1713.7−3946 and RX J0852.0−4622, CCO candidates are
known. However, that does not preclude other TeV SNRs with
core collapse SN progenitors to be associated with radio pulsars.
While the detection of possibly associated pulsars may not
help in confirming the SNR nature of the new TeV shells, they
may be used to elaborate possible SNR scenarios. Also, since
energetic pulsars may drive TeV PWNe, it is important to check
for these possible alternative object scenarios that may explain
(part of) the TeV emission. In relic PWN scenarios, significant
angular offsets between the powering pulsar and bulk of the TeV
emission can be expected (e.g., H.E.S.S. Collaboration 2018f;
Aharonian et al. 2006d, 2008a). Therefore, all radio pulsars
listed in the ATNF catalog11 (Manchester et al. 2005), which
are located inside a search radius of Rout + 0.3◦ around the fitted
center of the TeV shell, were inspected.
4.1.1. The radio pulsar PSR J1913+1011 at the center of
HESS J1912+101
The rotation-powered pulsar PSR J1913+1011 is located close
to the geometrical center of the TeV shell HESS J1912+101, at
a distance of 2.7′. An association of that pulsar with the TeV
source has been discussed in the context of a possible PWN sce-
nario to explain the (lower-statistics) TeV source at the time of
11http://www.atnf.csiro.au/people/pulsar/psrcat/
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its discovery (Aharonian et al. 2008b). The pulsar has a spin-
down power of E˙ ' 2.9 × 1036 erg s−1, a (characteristic) spin-
down age of τc ' 1.7 × 105 years, a spin period of 36 ms, and a
distance of 4.5 kpc estimated from the dispersion measure (DM).
The pulsar is in principle able to power a TeV PWN with a flux
similar to HESS J1912+101 (Aharonian et al. 2008b). However,
there is no known radio or X-ray PWN around PSR J1913+1011
(Gotthelf 2004; Chang et al. 2008), and the TeV morphology
does not support a PWN scenario at all for the TeV source. Still,
PSR J1913+1011 may be the remainder of the SN explosion that
has created the putative TeV SNR; this is discussed in more de-
tail in Sect. 5.4.
None of the other radio pulsars in the field of
HESS J1912+101 are particularly compelling counterpart
candidates to the TeV source. None of the pulsars show known
radio or X-ray PWNe.
4.1.2. Radio pulsars around HESS J1614−518 and
HESS J1534−571
None of the radio pulsars in the field of HESS J1614−518
are compelling counterpart candidates in a TeV PWN sce-
nario. Also in this case, none of the pulsars show known ra-
dio or X-ray PWNe. In principle, in relic PWN scenarios high
efficiencies of converting current spin-down luminosity into
TeV luminosity (formally even above 100 %, Aharonian et al.
2006d) can be present. It cannot be excluded that, for example,
PSR J1613−5211 (τc ≈ 4 × 105 yrs, E˙ ≈ 8 × 1033 erg s−1) drives
the southwestern additional component in HESS J1614−518.
However, there is currently no positive evidence to support such
a hypothesis.
Three radio pulsars are located near HESS J1534−571,
but energetics and distances make an association with
HESS J1534−571 (in TeV PWN scenarios) unlikely.
4.2. Search for X-ray emission from the new TeV sources
All well-established TeV SNRs display strong extended non-
thermal X-ray synchrotron emission from TeV electrons, typi-
cally in filamentary morphologies tracing the forward (and pos-
sibly reverse) shocks. Only a few TeV SNRs (such as Cas A and
RCW 86) also exhibit strong thermal thin-plasma X-ray emis-
sion. All TeV SNRs but HESS J1731−347 are X-ray selected;
X-ray emission from these objects was detected before the re-
spective TeV detection. However, objects such as the new TeV
SNR candidates that are located very close to the Galactic plane
may not have been detected in soft X-ray surveys, such as that
performed with the ROSAT satellite (energy range 0.1 – 2.4 keV),
because of photoelectric absorption.12 Indeed, none of the three
new TeV SNR candidates have obvious counterparts in ROSAT
survey data. However, current and recent pointed X-ray instru-
ments, such as XMM-Newton and Suzaku, may have the sensi-
tivity to detect typical X-ray counterparts of TeV SNRs that have
been detected at current TeV instrument sensitivities.
In the following, published and unpublished X-ray obser-
vations are reviewed that cover the TeV sources, in view of
possible shell-like X-ray emission. In addition, X-ray (mostly
point source) catalogs were checked, but (with the exception
of XMMU J161406.0−515225 reviewed below) no compelling
counterparts were found there.
12In case of Vela Jr., foreground emission from the Vela SNR inhibits
the detection of X-ray emission at low X-ray energies from Vela Jr.
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Fig. 5. Suzaku XIS mosaic of the pointings toward HESS J1534−571,
in a hard band of 2 – 12 keV, using the XIS0 and XIS3 detectors. Point
sources were not removed from the image. Contours denote the TeV
surface brightness. The large solid ellipse denotes the outer boundary
of the radio SNR. The small solid ellipse is the extraction region to
derive an X-ray upper limit estimate from the SNR; the dashed ellipse
is the corresponding background extraction region.
4.2.1. Suzaku observations of HESS J1534−571
After the initial discovery of significant TeV emission from the
position of HESS J1534−571 with H.E.S.S., the source was ob-
served with Suzaku XIS (Mitsuda et al. 2007; Koyama et al.
2007) in four pointings with exposure times of 36.9 ks, 21.2 ks,
38.8 ks, and 24.4 ks (observation IDs 508013010, 508014010,
508015010, and 508016010, respectively; PI A. Bamba). Fur-
ther pointings to complete the coverage of the TeV source with
Suzaku had already been approved, but could not be performed
because of the failure of the satellite and subsequent decommis-
sioning of the observatory.
For the analysis of the data, XSELECT and the Suzaku
FTOOLS ver. 20 (part of HEASOFT ver. 6.13) were used.
Particle-background subtracted, vignetting- and exposure-
corrected mosaic images in the full band and in the harder band
of 2 – 12 keV were created. The harder band is expected to be
more sensitive specifically to a nonthermal component of the
potential X-ray counterpart because of Galactic absorption. In
Fig. 5, this hard-band mosaic image is shown. No significant
emission is detected from the source region in both mosaics. To
estimate an X-ray upper limit from the area of the TeV source,
spectra from a limited on- and an off-source region are derived;
see Fig. 5 for the extraction regions that are defined with respect
to the radio SNR boundary. In both spectra, there is a soft emis-
sion component whose characteristics are consistent with emis-
sion from hot thermal interstellar gas, and which is likely due to
local X-ray foreground. In order to estimate an X-ray flux upper
limit from the SNR, an additional (absorbed) power-law compo-
nent was included in the on-spectrum model. The (unabsorbed)
flux upper limit, derived from this power-law model (assuming
two different photon indices Γ) and scaled to the area of the en-
tire radio SNR, is 2.4 × 10−11 erg cm−2 s−1 in the 2 – 12 keV band
for Γ = 2 and 1.9 × 10−11 erg cm−2 s−1 in the 2 – 12 keV band for
Γ = 3.
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Fig. 6. XMM-Newton mosaics of the pointings toward
HESS J1614−518, in a soft band (top panel, 0.3 – 1.0 keV) and
in a hard band (bottom panel, 3 – 7 keV). Point sources were removed
from the images. Contours denote the TeV surface brightness. The cross
indicates the position of XMMU J161406.0−515225. The soft-band
image is dominated by stray light from RCW 103 (northeastern arc
feature). The hard-band image is dominated by a putative diffuse
X-ray emission region coincident with the north component of the TeV
source. The solid circle indicates an extraction area used to assess the
spectrum for this diffuse component. Different background control
regions (not shown) were used to estimate the systematic error induced
by the background estimate.
4.2.2. XMM-Newton and Suzaku observations of
HESS J1614−518
HESS J1614−518 was observed with Swift, Suzaku, and XMM-
Newton in several pointings after the announcement of the TeV
discovery (Aharonian et al. 2006b). Observations did not cover
the entire TeV source but focused on the northeastern and south-
western components as well as on the central position. Mat-
sumoto et al. (2008) and Sakai et al. (2011) reported on all
Suzaku observations of the source and on the XMM-Newton
data on the central area. Concerning point sources specifically
in the central area, a possibly relevant source for this study is
XMMU J161406.0−515225, at a distance of ∼1′ from the geo-
metrical center of the TeV shell.13 Matsumoto et al. (2008) ar-
gued that the source might be an anomalous X-ray pulsar related
13The central extended Suzaku source Suzaku J1614−5152 (Mat-
sumoto et al. 2008) was resolved into several point sources using XMM-
Newton, including the strongest source XMMU J161406.0−515225
(Sakai et al. 2011).
to the TeV object. However, XMMU J161406.0−515225 has an
optical point source counterpart, as already noted by Landi et al.
(2006) based on the Swift-XRT detection of the source, and the
source was classified as a star candidate in Lin et al. (2012).
Matsumoto et al. (2008) also reported on an ex-
tended X-ray source (Suzaku J1614−5141) with angular
scale 5′, coincident with the northeastern component of
HESS J1614−518. The X-ray absorption column is similar to
that of XMMU J161406.0−515225, thus both objects could be
related to the TeV source, at a distance scale to Earth on
the order of 10 kpc using the X-ray absorption column as
proxy (Sakai et al. 2011). To further probe potential diffuse X-
ray emission from the region of HESS J1614−518, all XMM-
Newton observations on the object have been examined (ObsID
0406650101 (northeast; PI Rowell), 0555660101 (southwest; PI
Horns), and 0406550101 (central; PI Bussons), net exposure af-
ter event filtering (EPIC-MOS1/MOS2/pn) 21.0/19.9/13.7 ksec,
17.0/17.6/6.5 ksec, and 5.6/6.5/3.2 ksec, respectively). Data were
analyzed using XMMSAS ver. 14.0.0. First, mosaic images of
the extended emission were created with ESAS. To this end,
images for each observation were created and source detection
was performed. Point sources detected by this procedure were
masked out of the data. Then the quiet particle background
and the soft proton contamination were modeled for each ob-
servation. All these images were combined and used to cre-
ate background-subtracted, exposure-corrected mosaic images.
Fig. 6 shows these mosaics in two different energy bands, 0.3
– 1.0 keV, and 3 – 7 keV. The soft-band image demonstrates
that the field specifically in the northeast is significantly con-
taminated by (soft) stray light from the nearby SNR RCW 103.
The hard-band image shows that there is likely a hard diffuse X-
ray emission component coincident with the northeastern TeV
component of HESS J1614−518 with an angular scale of 20′,
possibly indicating that the Suzaku source Suzaku J1614−5141
is more extended than seen in the Suzaku image.
To estimate the flux of the diffuse X-ray emission compo-
nent, spectra were extracted for the entire hard emission region
seen in the northwest above 3 keV (see circle in Fig. 6), and for a
region excluding the strongest stray-light impact. Nearby back-
ground regions were selected to be representative of the expected
background in the respective source extraction regions, and their
spectra were fitted simultaneously. In general, a hard power-law
component (Γ . 2.0) is identified at the source position at high
significance, but systematic errors are large specifically due to
the stray-light impact.
A detailed assessment of the parameters of this diffuse X-ray
component and its detection significance, including all system-
atic effects, is beyond the scope of this paper, as is a detailed
comparison with the Suzaku result of Suzaku J1614−5141. The
emission – if confirmed – fills a large portion of the FoVs of the
EPIC instruments, and spectral analysis requires a detailed mod-
eling of all background components. It seems very likely that the
northwestern component of the TeV source HESS J1614−518 is
accompanied by hard diffuse X-ray emission. However, the re-
sults are not sufficient to significantly improve the astrophysical
classification of the object at this time.
4.2.3. X-ray observations of HESS J1912+101
HESS J1912+101 is located at an angular distance of
about 47′ to GRS 1915+105, making observations of the
HESS J1912+101 region with X-ray satellites that are suscep-
tible to stray light very difficult. As already discussed in Aha-
ronian et al. (2008b), archival ASCA observations coincident
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with the HESS J1912+101 area are strongly affected by stray-
light artifacts and are therefore of limited use to search for X-
ray counterparts to HESS J1912+101. Archival Chandra data
from observations targeting at PSR J1913+1011 (and only cov-
ering the central region of HESS J1912+101) were analyzed by
Chang et al. (2008) to explore a potential PWN scenario for
HESS J1912+101 and to search for X-ray counterparts. None
of the detected nine point sources seem particularly outstand-
ing. No diffuse emission was detected. In view of the improved
TeV morphology derived in this work, we reanalyzed the Chan-
dra data (ObsId 3854). Comparison with the TeV image con-
firms the lack of compelling counterparts to HESS J1912+101,
but also shows that there is no significant overlap of the Chandra
exposure with the TeV-emitting shell.
At the moment, the shell of HESS J1912+101 remains
largely unexplored at current pointed X-ray satellite sensitivity.
4.3. Infrared emission, possible associations with HII regions
and stellar clusters
Infrared maps obtained with Spitzer at 24 µm, 8 µm, and 3.6 µm
are used to illustrate the projected distribution of warm gas, HII
regions, and stellar clusters in the field of the new TeV sources
(Fig. 7). HESS J1534−571 is only partially covered by Spitzer
data, therefore a Midcourse Space Experiment (MSX) map at
8.2 µm is used for that source.
The maps illustrate HII emission regions in apparent spatial
coincidence with all three TeV sources. Such emission regions
could consist of stellar wind material (e.g., Kothes & Dougherty
2007) from star-forming regions that could have also hosted the
SNR progenitor stars. The formation of HII-emitting regions
might also be triggered by the interaction with one or several
SNRs. A morphological correlation between the IR and the TeV
maps is not seen in the images and would also not necessarily be
expected even if the TeV sources were associated with the HII
emission regions.
The open stellar cluster Pismis 22 is located close to the ge-
ometrical center of HESS J1614−518. Its age is estimated to
be (40 ± 15) Myrs, at a distance of (1.0 ± 0.4) kpc (Piatti et al.
2000). Pismis 22 could be the host of the progenitor star of
a SNR, if the SNR interpretation of HESS J1614−518 is con-
firmed.
It is also interesting to evaluate the energy from the cluster
as a whole. The total cluster mass is unconstrained, since most
of the stars in the vicinity of Pismis 22, which are likely to be
member stars, lack a spectral type determination. The expected
kinetic energy in the system was estimated using the Starburst 99
cluster evolution model (Leitherer 2000, and references therein).
The model results scale with the initial cluster mass MSC. The
total kinetic energy including stellar winds and SNe over a time
span of 40 Myrs is Ekin ' 1.3 × 1052
(
MSC/103M
)
erg. Such a
system with its output in kinetic energy would certainly leave its
imprint in the cluster surroundings. Models such as that by Silich
et al. (2005) predict a large cluster-wind driven void. Interest-
ingly, the candidate HII region G331.628−00.926 with a radius
of ∼0.8◦ is encompassing in projection both HESS J1614−518
and Pismis 22. The current cluster luminosity at the adopted age
of 40 Myrs is Lkin(t = 40 Myrs) ' 5.2 × 1036MSC/10 M erg s−1.
Therefore, a fraction of this luminosity would be sufficient to ex-
plain the TeV luminosity of HESS J1614−518 in terms of its en-
ergy requirement. Lacking any observational evidence, this pos-
sibility remains hypothetical for the moment.
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Fig. 7. Archival infrared images toward the fields of the three TeV
sources. The top panel shows an MSX (Price et al. 2001) image of
the region toward HESS J1534-571, at 8.28 µm. The middle and bot-
tom panels show three-color Spitzer images toward HESS J1614−518
and HESS J1912+101, respectively. Red, green, and blue colors indicate
24 µm (MIPSGAL, Carey et al. 2009), 8 µm, and 3.6 µm (GLIMPSE,
Churchwell et al. 2009) emission, respectively. Color scales were ad-
justed individually to emphasize the structures in the images. Contours
denote the TeV surface brightness of the respective source. The circle
at the center of HESS J1614−518 denotes the position and extension of
Pismis 22 (Morales et al. 2013).
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Fig. 8. Longitude-velocity plots of Columbia CO(1-0) data (Dame et al. 2001), integrated over a latitudinal range consistent with HESS J1912+101,
HESS J1614−518, and HESS J1534−571 (left, middle, and right, respectively). The longitudinal extent of each of these SNRs is indicated by
dashed lines. The names of Galactic arms are overlaid onto the approximate corresponding map locations, following Vallée (2008).
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Fig. 9. Average Nanten/Columbia CO(1-0) (Matsunaga et al. 2001; Dame et al. 2001) data within circular regions encompassing HESS J1534−571
([l,b,r]=[323.70,-1.02,0.4]), HESS J1614−518 ([l,b,r]=[331.473,-0.601,0.42]), and HESS J1912+101 ([l,b,r]=[44.46,-0.13,0.49]). HI data are also
shown for all sources (SGPS/VGPS McClure-Griffiths et al. 2005; Stil et al. 2006), while GRS 13CO(1-0) and CS(2-1) (Jackson et al. 2006) data
are shown for HESS J1912+101. The CS(2-1) feature at 9.5 km s−1 in the bottom image is likely an artifact caused by an offset in one frequency
channel.
In conclusion, the presented IR data themselves do not con-
tribute to the astrophysical identification of the new TeV sources,
but the HII and stellar data add information to a possible SNR
scenario for HESS J1614−518.
4.4. Atomic and molecular gas density around the sources
Archival radio and sub-mm atomic and molecular line data were
investigated to search for signatures of gas associations corre-
sponding to the new shell-type γ-ray sources. Voids in HI data
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would be suggestive of stellar wind bubbles blown by massive
progenitor stars, while arcs of HI emission or asymmetric spec-
tral line profiles may be attributable to gas shocked by a SNR.
Such features would deliver a SNR kinematic distance solution.
A positive correlation between γ-ray emission and gas density
would be suggestive of a spatial connection that would yield a
kinematic distance estimate, while at the same time lending sup-
port to the hypothesis that a γ-ray source is of hadronic origin
(typically better seen in molecular gas, e.g., toward SNR W28;
Aharonian et al. 2008a).
Nanten CO(1-0) data (Matsunaga et al. 2001) are available
toward the new TeV shells and have an angular resolution of ∼3′.
Additionally, Galactic Ring Survey (GRS; Jackson et al. 2006)
13CO(1-0) and CS(2-1) data with an angular resolution of 46′′
are available toward HESS J1912+101 for molecular gas com-
ponents with positive velocities. To trace atomic gas (as opposed
to the aforementioned molecular gas tracers) toward the new
H.E.S.S. shells, ∼2′-resolution Southern Galactic Plane Survey
(SGPS; McClure-Griffiths et al. 2005) HI data are available for
the southern sources HESS J1534−571 and HESS J1614−518,
while HESS J1912+101 is covered by the 1′ resolution HI data
from the VLA Galactic Plane Survey (VGPS; Stil et al. 2006).
Longitude-velocity plots of Columbia CO(1-0) data (Dame
et al. 2001) are used to illustrate the large-scale Galactic struc-
ture toward the new TeV shells in Fig. 8. For translating ra-
dial velocities relative to the local standard of rest (LSR) into
distance estimates, the prescriptions of Vallée (2008, 2013) are
used. In general, there are often ambiguities in associating spe-
cific gas components with specific Galactic arms, but associa-
tions indicated in Fig. 8 are considered the most likely according
to current literature. HESS J1534−571 and HESS J1614−518 are
within 8◦ of each other and are both in projection coincident
with the Sagittarius-Carina, Scutum-Crux, and Norma-Cygnus
arms (Vallée 2008, 2013). Regarding HESS J1912+101, the CO
data show two velocity components meeting near the tangent
point of the Sagittarius arm (Vallée 2008, 2013), so significant
uncertainty exists in distance estimations to specific atomic and
molecular gas components there.
CO, 13CO, CS, and HI spectral profiles toward the three new
TeV shell sources are shown in Fig. 9. Multiple line-of-sight gas
components may potentially be associated with the TeV sources.
No unambiguous match has been found in the comparisons of
the ISM sky maps with the TeV sky maps. For these compar-
isons, CO and HI sky maps were produced in a series of ve-
locity bands covering the entire velocity range shown in Fig. 9,
and were then compared to the TeV maps. The only notewor-
thy indication found in this investigation is a void or dip in the
SGPS HI data set centered on HESS J1614−518 in the distance
range between 1.2 kpc and 1.5 kpc (vlsr = −15..−22 km s−1) (see
Fig. B.2 top left panel), which may suggest an association with
HESS J1614−518. The HI emission appears as a partial shell
toward the rim of the TeV source, hinting at the possibility of
a blown-out bubble related to a shell-type SNR (from the pro-
genitor star) or to an alternative central energy source. This dis-
tance range encompasses that of the Pismis 22 open cluster (cf.
Sect. 4.3), and thus may signal the mechanical influence of this
cluster on the atomic ISM, in a similar fashion to the HI feature
identified by Kothes & Dougherty (2007) toward the WR clus-
ter Westerlund 1, which is possibly associated with a TeV γ-ray
source (Abramowski et al. 2012).
Since no unambiguous association was found for any of the
three sources, two representative distances with a possible gas
match have been chosen per source. The goal is to demonstrate
that reasonable hadronic emission scenarios can be constructed
for each of the sources, using possible target gas densities in
which the sources could be embedded (deviating from the canon-
ically assumed particle density of 1 cm−3). No attempt was made
to quantify whether the matches themselves are statistically sig-
nificant, from the gas data alone. The associations are detailed in
Appendix B.2. The way gas densities are derived is explained in
Appendix B.3. Results are shown in Table 7 and are discussed
further in the following discussion section.
5. Discussion
From the presented morphological studies using H.E.S.S. data,
the three TeV sources HESS J1534−571, HESS J1614−518, and
HESS J1912+101 have been classified as SNR candidates. The
identification of HESS J1534−571 with the radio SNR candidate
G323.7−1.0 has led to the classification of HESS J1534−571 as
SNR. The nondetection of radio synchrotron emission from the
other two sources is not in conflict with the SNR hypothesis for
these objects. The GeV counterpart situation (i.e., the Fermi-
LAT counterparts for HESS J1534−571 and HESS J1614−518
and no known counterpart for HESS J1912+101) is compatible
with the respective TeV fluxes but does not contribute to the
classification of the sources. Table 5 gives an overview of the
confirmed (HESS J1534−571) and possible (HESS J1614−518,
HESS J1912+101) association scenarios and corresponding dis-
tance scale estimates, as discussed in Sections 3 and 4.
For the new SNR candidates, Table 7 lists derived parame-
ters (diameter, luminosity) for three different assumed distances,
namely a generic 1 kpc distance and the distances listed in Table
5. The values can be compared to the corresponding parame-
ters of known TeV SNR shells as shown in Table 6. On aver-
age, the photon indices of the new shells seem slightly softer
than those of the known SNR shells. However, for individual
sources the respective errors are too large to draw any conclu-
sion. Luminosities and diameters of the new SNR candidates are
compatible with the known SNR shells for assumed nearby dis-
tances of ∼1 kpc. The new sources would be larger and more
luminous than the known SNRs already for moderate distances
of ∼3 kpc. Distances at a 8..10 kpc scale are either disfavored or
would indicate a different, substantially more luminous new TeV
SNR source population. At these distances, the physical diame-
ters of the SNRs would also be substantially larger than those
of the known TeV SNRs, and well beyond a cutoff in the general
SNR diameter distribution at ∼60 pc as derived from SNRs in the
Magellanic clouds and M 33 (see Badenes et al. 2010, and refer-
ences therein). If this cutoff is indeed attributed to a lower limit
in the ambient density distribution, as argued by Badenes et al.
(2010), then outliers beyond ∼60 pc (e.g., the new TeV SNRs if
indeed at 8..10 kpc distance) might be connected to remnants of
core collapse SNe with modified ambient medium (cf. the dis-
cussion in Badenes et al. 2010). This would be consistent with
arguments that have been made to explain the sizes of, for ex-
ample, the TeV SNRs RX J1713.6−3946 and HESS J1731−347.
To investigate whether this is a realistic scenario and whether
specific wind progenitor bubbles could lead to SNR sizes at the
∼100 pc diameter scale is beyond the scope of this paper.
5.1. TeV emission from leptons or protons
One of the fundamental questions of SNR research is what frac-
tion of the ejecta energy goes into thermal (typically X-ray-
emitting) plasma, and what fraction goes into a nonthermal com-
ponent consisting of relativistic particles (best visible in hard X-
rays and high to very high γ-ray energies). The energy share
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Table 5. Overview of confirmed (HESS J1534−571) and possible (HESS J1614−518, HESS J1912+101) association scenarios.
H.E.S.S. source Association, distance estimate method, and paper section Galactic spiral arm Distance scale [kpc]
HESS J1534−571 G323.7−1.0 (Σ − D underluminous, 3.1.1 and 5.2) Scutum-Crux 3.5
G323.7−1.0 (Σ − D, 3.1.1) Norma-Cygnus 8
HESS J1614−518 Pismis 22 (Piatti et al. (2000), 4.3), HI void (line velocity, 4.4) Sagittarius-Carina 1.5
XMMU J161406.0 and Suzaku J1614 (NH, 4.2.2) Norma-Cygnus 5.5
HESS J1912+101 PSR J1913+1011 (DM, 4.1.1) Sagittarius-Carina 4.5
Perseus 10
between relativistic hadrons and leptons and the maximum par-
ticle energy determine whether SNRs contribute significantly to
the generation of Galactic CRs up to the knee in the CR parti-
cle spectrum. Unlike other identified TeV SNRs, the new TeV
sources do not have confirmed X-ray counterparts. The lack of
thermal X-rays may be interpreted as a signature for low density
environment and therefore leptonically dominated TeV emission
processes. However, the absorption column to the new sources is
not constrained from the TeV data. Depending on the actual dis-
tance to the source, and on the temperature and density of the
emitting plasma, foreground absorption might have prevented
detection of soft thermal X-rays, for example, in the ROSAT sur-
vey. There is also sufficient uncertainty about which level of ther-
mal heating could be expected, for example, in a clumpy envi-
ronment (e.g., Gabici & Aharonian 2014).
Nonthermal X-rays above ∼ 2 keV are however expected
in shock-compressed (and possibly further amplified by CR
streaming) magnetic fields, if the TeV emission stems from
relativistic electrons. As discussed in Sect. 4.2.2, within the
presented study it has not been possible to constrain con-
clusively the hard X-ray emission likely associated with
HESS J1614−518. HESS J1912+101 lacks sensitive pointed
X-ray coverage. The nondetection of X-ray emission from
HESS J1534−571 from a (partial) Suzaku coverage seems inter-
esting at first glance, but may not yet be constraining (see next
section).
5.2. HESSJ1534−571
A confirmed upper limit on the X-ray emission from
HESS J1534−571 in the 2 – 10 keV range would present the
first case of a TeV SNR without an X-ray counterpart at cur-
rent satellite sensitivity. The absence of nonthermal X-ray emis-
sion is generally used to challenge the interpretation that a rel-
ativistic electron population in the source is responsible for the
γ-ray emission because a certain minimum level of X-ray syn-
chrotron emission is expected in a minimum Galactic mag-
netic field of 3 µG. More quantitatively, a ratio R = Fγ(1 −
10 TeV)/FX(2 − 10 keV) can be defined following, for exam-
ple, Yamazaki et al. (2006). Young known SNRs have a ratio
R significantly less than 2, while R larger than 2 could be in-
dicative of a largely evolved (so-called X-ray dark) SNR, whose
TeV emission should then be dominated by proton-induced pi0-
decay (Yamazaki et al. 2006). Assuming the current Suzaku limit
holds for the entire HESS J1534−571 shell, R > 0.25. A de-
tection of nonthermal X-ray emission is therefore within reach
if HESS J1534−571 is similar to other TeV SNRs. To establish
a sensitive upper limit (indicating that the TeV emission stems
from protons) is however challenging even for current X-ray in-
struments because of the large extension of the source.
The TeV data do not permit a distance estimate to
HESS J1534−571 (as for any of the new sources). Using the
SNR radio surface brightness to diameter (Σ − D) relation, the
distance to G323.7−1.0 is estimated to be 20 kpc (cf. Sect. 3.1.1).
However, individual distances derived from Σ−D have large er-
rors, which are typically 40% for the normal SNR population.
Assuming that the radio counterpart of HESS J1534−571 is sim-
ilarly underluminous as that of RX J1713.7−3946 with respect
to its Σ−D expectation value at 1 kpc would reduce the distance
estimate of G323.7−1.0 to ∼5 kpc. This distance would imply
a TeV luminosity of HESS J1534−571 in reasonable agreement
with TeV luminosities from the other known TeV SNRs (cf. Ta-
ble 6).
5.3. HESSJ1614−518
Also for HESS J1614−518, distance estimates only come from
possible associations. One such is the open stellar cluster Pis-
mis 22, located close to the center of HESS J1614−518 (cf.
Sect. 4.3), which may have hosted the SNR progenitor star. The
distance estimate to this stellar cluster, (1.0 ± 0.4) kpc (Piatti
et al. 2000), is in accordance with a possible HI void seen in
projection at a distance of 1.2..1.5 kpc (cf. Sect. 4.4).
Another association was suggested by Sakai et al. (2011).
The X-ray source XMMU J161406.0−515225, a point source
close to the center of HESS J1614−518, and the diffuse source
Suzaku Src A defined in Matsumoto et al. (2008) may be asso-
ciated with the TeV source (cf. Sect. 4.2.2). Using the X-ray ab-
sorption column as proxy, a rough distance scale of 10 kpc was
estimated, which is likely compatible with a possible spiral arm
association at ∼5.5 kpc distance (cf. Appendix B.2).
5.4. HESSJ1912+101
As discussed in Sect. 4.1.1, the pulsar PSR J1913+1011 located
at the center of HESS J1912+101 may be the remainder of the
SN explosion that has created the putative TeV SNR. At a dis-
tance of 4.5 kpc estimated from the dispersion measure of the
pulsar, the TeV shell size would then correspond to a SNR ra-
dius of ∼40 pc. As for all sources presented in the paper, the TeV
shell morphology implies that particle acceleration to supra-TeV
energies is likely still ongoing or has been ongoing until the re-
cent past; otherwise, diffusion of the no longer confined parti-
cles would have washed out the current morphology. To provide
the necessary high shock speed, the age of the putative SNR
HESS J1912+101 should then be at least an order of magnitude
lower than the characteristic age of the pulsar (τc ' 1.7 × 105
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Table 6. Parameters of known TeV SNR shells. For each of the sources, diameter and Lγ,1−10 TeV are calculated based on the parameters quoted
in the respective papers. Where power laws with cutoffs better fit the spectra and are used to compute luminosities, the corresponding fit values
are also reported. The distance to HESS J1731−347 is debated in the literature (see, e.g., Fukuda et al. 2014; Klochkov et al. 2015); the values
reported in the table correspond to the two most probable distance solutions. Flux errors are dominated by their systematic errors of typically 20%,
but luminosity errors are dominated by the distance uncertainties and are therefore on the order of 30% or more. Spectral indices have statistical
errors of ∆Γ ≈ 0.2 or better.
HESS source name Identification Dist. Diameter Age Lγ,1−10 TeV Γγ,PLfit Γγ/Ecutoff Ref.
[kpc] [pc] [kyr] [1033erg s−1] - -/[TeV]
HESS J0852−463 RX J0852.0−4622 0.75 26.2 1.7 − 4.3 5.7 2.3 1.8/6.7 (1)
HESS J1713−397 RX J1713.7−3946 1 20.2 ≈ 1 7.2 2.3 2.1/12.9 (2)
HESS J1731−347 G353.6−0.7 3.2/5.2 30.2/49 ≈ 2.5 8.5/22.4 2.3 (3)
HESS J1442−624 G315.4−2.3 (RCW 86) 2.5 ≈ 30 ≈ 1.8 6.3 2.3 1.6/3.5 (4)
HESS J1502−418 SN 1006 (NE)
2.2 22.3 ≈ 1 0.46 2.4 (5)
HESS J1502−421 SN 1006 (SW) 0.31 2.3
References. (1) Aharonian et al. (2007b); H.E.S.S. Collaboration (2018a); (2) Aharonian et al. (2006c); H.E.S.S. Collaboration (2018c); (3)
H.E.S.S. Collaboration (2011); Klochkov et al. (2015); (4) H.E.S.S. Collaboration (2018b); (5) Acero et al. (2010).
years), if the association with PSR J1913+1011 was confirmed.
To maintain the association, the birth spin period of the pulsar
therefore needs to have been close to the current spin period,
which is in principle possible.
5.5. Proton scenarios
Assuming that the γ-ray emission seen in the TeV regime is
purely due to hadronic processes, an estimate of the fraction of
the SNR explosion energy going into accelerated CR protons can
be given.
In the delta-function approximation (Kelner et al. 2006), γ-
ray photons of energy Eγ are produced by protons with en-
ergy Ep = 10 × Eγ. Following the arguments in Aharonian
et al. (2006c), the total energy in accelerated protons in the 10 –
100 TeV range can be estimated from the γ-ray luminosity in the
range 1 – 10 TeV, using
W totp (10 − 100 TeV) ≈ τpp→pi0Lγ (1 − 10 TeV) ; (6)
τpp→pi0 ≈ 4.5 × 1015
( n
cm−3
)−1
s (7)
is the characteristic cooling time of protons by pi0 production and
Lγ(1 − 10 TeV) = 4pid2
∫ 10 TeV
1 TeV
Eγ
dNγ
dE
dE, (8)
where d is the distance to the source and dNγ/dE =
N0,1 TeV (E/1 TeV)−Γ, as described in Sect. 2.2. The values
N0,1 TeV and Γ are derived from the fit to the TeV data as pre-
sented in Table 4.
Knowing W totp (10 − 100 TeV) and assuming a power-law
spectrum for the accelerated protons (dNp/dE = NpE−α, with
α = Γ and Np a normalization factor), W totp can be calculated in
an arbitrary proton energy range. It is assumed that the proton
energy spectrum can be described by a broken power law with a
break energy at 10 TeV,
dNp
dE
=
{
Np,1E−2 1 GeV ≤ Ep ≤ 10 TeV
Np,2E−α 10 TeV < Ep ≤ 100 TeV , (9)
which is roughly compatible with the TeV spectra of all three
new shell sources and the GeV spectrum of the Fermi-LAT
source associated with HESS J1614−518.
To illustrate the possible energy contents in accelerated pro-
tons, three scenarios are given in Table 7 for each source. The
first is a generic case with a distance of 1 kpc and a target gas
density of 1 cm−3. The other two are derived from the possi-
ble gas association scenarios as introduced in Sect. 4.4 and Ap-
pendix B.2 (cf. Table 5), where error ranges are propagated from
the estimated ranges of gas densities. The table lists both the en-
ergy contents of the protons in the TeV-emitting energy range
and for an extrapolated spectrum down to 1 GeV. The latter val-
ues show that the available data are compatible with the expected
energy content of 10% of 1051erg for assumed nearby distances
of ∼1 kpc and for moderate distances of ∼3 kpc. Distances at a
8..10 kpc scale and beyond are disfavored in hadronic emission
scenarios.
6. Conclusions
A dedicated search for new SNR shells in the H.E.S.S. Galac-
tic plane survey data has revealed three new SNR candidates.
HESS J1534−571 was confirmed as a SNR from an identifica-
tion with a radio SNR candidate, while HESS J1614−518 and
HESS J1912+101 remain SNR candidates for the time being.
From the current knowledge of multiwavelength data, both lep-
tonic or hadronic (or a blend of both) TeV emission scenarios
are possible. Distances to the objects on the 8..10 kpc scale or
beyond seem unlikely from a comparison of the TeV fluxes to
the luminosities of known TeV SNR shells. Such large distances
are also difficult to accommodate in hadronic TeV emission sce-
narios. Distances to the new objects at the 1..3 kpc scale seem
most likely, while distances below the 1 kpc scale might indicate
unusual properties regarding their X-ray emissivity.
The analysis has demonstrated that current Imaging Atmo-
spheric Cherenkov Telescope Arrays have the power to discover
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new SNRs. The future Cherenkov Telescope Array will substan-
tially increase the available sensitivity to detect TeV SNRs in the
entire Galaxy. Source confusion may however become a more
severe problem than in the study presented here.
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Appendix A: TeV surface brightness profiles
After fitting the two-dimensional models to the TeV count sky
maps as described in Sect. 2.3, profiles were extracted in units of
surface brightness from the observations and the models to verify
the fit results. The azimuthal profiles were also used to quantify
possible deviations of the source maps from azimuthal symme-
try, as discussed in Sect. 2.3.4. The measured profiles were de-
rived from the uncorrelated excess maps of the dedicated source
analysis (cf. Sect. 2.2.2). Surface brightness profiles are derived
by dividing the excess within the respective profile bin area by
the expected counts derived from the simulated instrument re-
sponse (H.E.S.S. Collaboration 2018e) and by the area of the
profile bin. The profiles are shown in Fig. A.1. Shell and Gaus-
sian model profiles were scaled to corresponding surface bright-
ness units.
For the radial profiles of the observed data, circular annuli
around the centroids of the shell models, and with a width of
0.04◦ were used. The profiles of the shell and Gaussian mod-
els were derived analogously but with a two times finer bin-
ning. As expected from the fitting results, the shell model de-
scribes the data best in all three cases. A positive excess is visi-
ble in the profile of HESS J1614−518 from ∼0.7◦ outward. This
emission stems from the nearby source HESS J1616−508 and is
taken into account in the fit procedure with an additional Gaus-
sian component in the model of HESS J1614−518, both when
fitting the Gaussian model and the shell model. The separa-
tion of both sources is large enough so that the emission of
HESS J1616−508 does not significantly affect the spectral re-
sults of HESS J1614−518.
To derive the azimuthal profiles, the sources were divided
into eight wedges of equal angular size with outer radii of Rout,
respectively, and with inner radii slightly smaller than Rin to in-
crease the photon statistics of the profiles (because of the projec-
tion of the shells, the peak of the radial profiles is close to Rin).
In the azimuthal model profile of HESS J1614−518, the mod-
eled emission of HESS J1616−508 is barely visible above the
flat shell profile.
Appendix B: Details on gas association
Appendix B.1: SNRs associated with molecular clouds
Besides the well-identified TeV SNR shells, several resolved
TeV sources are likely driven by SNR particle acceleration pro-
cesses as well, but the TeV morphology is determined by molec-
ular clouds close to or partially coincident with the SNRs. The
underlying assumption is that TeV emission is created in these
clouds through collisions of SNR-accelerated hadronic particles
with dense gas. Examples comprise IC 443, W51C, CTB 37A, or
Tycho’s SNR (Albert et al. 2007; Fiasson et al. 2009; Aharonian
et al. 2008c; Acciari et al. 2011). The firm confirmation of such a
scenario is often challenging. The TeV images, which are statis-
tically limited, need to be correlated with sub-mm line data (trac-
ing molecular gas), which provide moderate distance resolution
and thus a large number of possible projections over different
distance ranges, resulting in a large number of trials. In some
cases, possible alternative PWN scenarios also exist for the in-
terpretation of the TeV emission. Because of the expected ambi-
guities as experienced from the analysis of these known sources,
molecular gas information is not used as criterion for the mor-
phological identification of the TeV sources as SNR candidates
for the work presented in this paper.
Appendix B.2: Choices for gas/spiral arm associations for the
new TeV shells
For HESS J1534−571, one gas match around 3.5 kpc (right pan-
els of Fig. B.1) and one around 8 kpc (left panels of Fig. B.1)
were chosen. The latter distance might be compatible with the
distance estimate of 20 kpc derived for the radio counterpart
from the Σ−D relation, given the uncertainties of the method. No
attempt was made to construct a case with a distance far beyond
the Galactic center distance.
For HESS J1614−518, the HI void distance range between
1.2 kpc and 1.5 kpc as discussed in Sect. 4.4 has been chosen
as a first possibility (left panels of Fig. B.2). The distance is
compatible with the estimated distance to Pismis 22 by Piatti
et al. (2000). As a second possibility, a 5.5 kpc distance was
selected (right panels of Fig. B.2). The integrated proton col-
umn density to this distance from atomic and molecular hydro-
gen (3 − 4 × 1022 cm−2) is in fact of similar order to the ab-
sorption column NH ∼ 1 − 2 × 1022 cm−2 that has been derived
for XMMU J161406.0−515225 and Suzaku J1614−5141 (Sakai
et al. 2011), which were suggested by these authors to possibly
be associated with HESS J1614−518.14
Regarding HESS J1912+101, the dispersion distance of the
possibly associated pulsar PSR J1913+1011 (cf. Sect. 4.1.1) of
∼4.5 kpc is consistent with the range of distances expected to be
found within the Sagittarius arm in this direction. One of the two
distance ranges was therefore chosen as the approximate mid-
range of the Sagittarius arm line-of-sight velocities, matching
4.5 kpc (right panels of Fig. B.3). As a second possibility, an-
other possible match within the Perseus arm at 10 kpc distance
was chosen (left panels of Fig. B.3).
Gas tracers toward HESS J1912+101 were also recently
investigated by Su et al. (2017). The authors have argued
that 12CO and HI line velocity features found in their data
are indicative of shock-gas interaction, possibly originating
from an old (∼ 105 years) SNR that could be associated with
HESS J1912+101. Here, we note that the line velocity range
of the bulk of the corresponding molecular gas (around vlsr '
60 km s−1) is consistent with one of the two line velocity ranges
chosen for HESS J1912+101 in this work.
All distances used were again estimated using figures from
Vallée (2008, 2013).
Appendix B.3: Gas density estimates for the new TeV shells
In order to derive the total (atomic and molecular) ISM density
possibly associated with each respective TeV source, the gas
emission is assumed to come from a homogeneous cylindrical
region defined by the SNR outer boundary for a given veloc-
ity range. Molecular densities are derived using the CO-to-H2
mass conversion factor 1.5×1020cm−2 [K km s−1]−1 from Strong
et al. (2004), while atomic H densities are derived using the HI
brightness temperature to column density conversion factor of
1.8 × 1018 cm−2 [K km s−1]−1 from Dickey & Lockman (1990).
For each case, a density range was calculated by assuming that
the line-of-sight thickness is between a value either equal to the
SNR candidate diameter or equal to the approximate thickness of
a Galactic arm (0.5 kpc). The first (upper) density value is there-
fore in all likelihood an overestimation. Moreover, it cannot be
excluded that the density at the position of the source is well be-
low the second (lower) value, for example, if the SNR is fully
14Part of the gas integrated along the line of sight might actually be
attributed to a far distance solution beyond 5.5 kpc and might artificially
increase the estimated column density.
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Fig. A.1. TeV surface brightness profiles of HESS J1534−571, HESS J1614−518, and HESS J1912+101. The left column shows radial profiles
and the right column shows azimuthal profiles, respectively. The shell models and Gaussian models (shown in the left panels) are from fits to
the data. The point source simulation shown in the left panels is derived from the sum of three Gaussians fitted to a simulated point source as it
would appear in the actual data set (cf. Sect. 2.3.1), arbitrarily normalized for good visual representation. The value of Θ in the azimuthal profiles
represents the angle with respect to the Galactic latitude. The first wedge is at Θ = 0◦, following wedges are added counter-clockwise. The angle
with respect to north in equatorial coordinates is represented by Θ′.
contained in a wind-blown bubble of the progenitor star. In such
a case, however, a hadronic TeV emission scenario is anyway
unlikely. Results are shown in Table 7.
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Fig. B.1. HESS J1534−571. HI (top panels) and CO (bottom panels) intensity images toward the direction of HESS J1534−571 in velocity ranges
as given on the images. HI data are from the Southern Galactic Plane Survey (McClure-Griffiths et al. 2005), CO data are from Nanten (Matsunaga
et al. 2001). The slices in the left two panels correspond to a location in the Norma-Cygnus arm at a distance of 8 kpc, while the right two panels
are from a location in the Scutum-Crux arm at a distance of 3.5 kpc.
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Fig. B.2. HESS J1614−518. HI (top panels) and CO (bottom panels) intensity images toward the direction of HESS J1614−518, in velocity ranges
as given on the images. HI data are from the Southern Galactic Plane Survey McClure-Griffiths et al. (2005); CO data are from Nanten (Matsunaga
et al. 2001). The slices in the left two panels correspond to a location in the Sagittarius-Carina arm at a distance of 1.5 kpc, while the right two
panels are from a location in the Norma-Cygnus arm at a distance of 5.5 kpc. The HI images at the velocity range of −30..−12 km s−1 indicate a
possible void in the gas in directional coincidence with HESS J1614−518. At the center of this position and in compatible distance to Earth, the
stellar cluster Pismis 22 is located.
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Fig. B.3. HESS J1912+101. HI (top panels) and CO (bottom panels) intensity images toward the direction of HESS J1912+101, in velocity ranges
as given on the images. HI data are from the VLA Galactic Plane Survey (Stil et al. 2006); CO data are from Nanten (Matsunaga et al. 2001). The
slices in the left two panels correspond to a location in the Perseus arm at a distance of 10 kpc, while the right two panels are from a location in
the Sagittarius-Carina arm at a distance of 4.5 kpc.
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